The bucket rheometer for shear stress-shear rate measurement of industrial suspensions J. Rheol. 51, 821 (2007) From studies on the dynamic characterization of human bones, it is noticed that reference data on the viscous behavior of the bone marrow are quite poor. Dependently from marrow limited availability and its opacity, we have not been able to retrieve a tool of appropriate characteristics able to measure bone marrow viscosity. Therefore, principal techniques for the viscosity measurement have been preliminarily examined, and a device suitable for viscosity measurements of biological fluids has been realized. In particular, a rotational rheometer has been developed: it is a coaxial cylinders system, where the fluid flows dragged by the inner cylinder. The device is an absolute rheometer, that is, particularly useful as nowadays it is not known the classification of the bone as far as it concerns its viscous behavior. In this work a preliminary evaluation of the metrological characteristics of the measurement system has been carried out and its main metrological performances have been evaluated.
I. INTRODUCTION
Viscosity measurements are important in the study of the fluids flow, as it regards the flow in ducts (i.e., for industrial application) and, generally, the interaction with surfaces (i.e., lubrication, painting).
1, 2 Both these conditions are decisive for the development of physical models to describe the mechanical behavior of bones: in particular, viscosity of the bone marrow seems to be a critical parameter for the normal physiological behavior of bones and a possible indicator of musculoskeletal disorders, that can be used with other diagnostic techniques for health assessment (e.g., electromyography, 3 MRI, 4 etc.). Nevertheless, the measurement of marrow viscosity is particularly difficult, due also to the limited availability of material and the relative low viscosity: these difficulties make the development of specific measuring tools often expensive and complex to manage.
Other difficulties are related to fluid dynamics. A real fluid, in motion, is subjected to stresses along normal and tangential direction. The tangential stress τ (shear stress) is produced when a flow is established. The simplest and more studied model is the motion of a fluid between two parallel and adjacent plates of endless dimensions (Couette), set to a distance y = h and one of them travels with a constant speed U parallel to the other plate that is motionless. In the simplest case the speed profile u = u(y) is linear with shear rate γ = U/h. As well known, the dynamic viscosity μ is the resistance of particles in a fluid to flow one upon the others: tangential stresses rise up between adjacent layers of fluid when they slide one each other. The relationship between tangential a) Author to whom correspondence should be addressed. Electronic mail:
andrea.scorza@uniroma3.it stresses and μ is described by the Newton law:
In Eq. (1) shear stress τ depends on the dynamic viscosity μ and the shear rate γ = du/dy. In Newtonian fluids μ is independent from γ but it depends on temperature and pressure, as in a less noticeable way. Other factors 4, 5 that influence the μ value are the chemical nature of the fluid, the electromagnetic field in which the fluid is flowing and the rheologic history. Viscosity is measured in Pa s or in poise, P, where 1 Pa s is equal to 10 P. In these unities the viscosity of the water at 20
• C is almost equal to 1 mPa s = 1 cP. For non-Newtonian fluids (e.g., Bingham-Green fluids, Herschel-Bulkley fluids, pseudoplastic fluids, dilatancy fluids, thixotropic fluids) the relationship between shear stress τ and shear rate γ is not linear, therefore the viscosity is not constant but changes depending on the fluid, as shown in Fig. 1 . Instruments used for viscosity measurements are called rheometers or viscometers and they allow to study the rheological behavior in fluids, for a wide range of values: e.g., from water (1 mPa s at 20
• C), honey (1500 mPa s at 20
• C), up to glasses (e.g., 10 6 mPa s at 1000
• C), evaluating the fluid characteristics at different shear rates, usually between 0.01 and 5000 s −1 . The principal methods for measuring rheological characteristics of fluids [7] [8] [9] can be classified into the followings three categories: (a) capillary techniques, where the viscosity is calculated from the flow measurement and the correspondent pressure drop within a duct; (b) rotational techniques, where one element of the measuring system geometry is rotated and the torque required is measured: viscosity is calculated from the simultaneous measurements of torque and angular speed of the rotor, in steady state conditions; (c) falling sphere techniques, where the viscosity value is deduced from the time a sphere needs to cover a specific distance in the fluid. In order to evaluate the more suitable measurement technique, in our work, the following requirements have been examined: fluid properties, availability of the fluid, accuracy of the measurement, frequency of use. Referring to the properties of the human bone marrow 10 (a) the low availability of biological material, (b) its opacity, (c) rheological characteristics, and (d) the unknown value of viscosity under normal conditions of work due to the lack of bibliographical information on its rheological characteristics, we found in rotational rheometers some advantages: versatility, wide measurement range, operative work in a wide temperature and shear rate range, compatibility with Newtonian and non-Newtonian fluids. Moreover, a correct design of the interstice geometry can reduce the amount of fluid needed for the measurement. Main geometries in the scientific literature [5] [6] [7] [8] [9] [10] [11] [12] refer to coaxial cylinders (Fig. 2) , to parallel dishes and to cone-flat, also available as interchangeable equipment on the same rheometer. Other available geometries (for laboratory uses) are helixes of different forms: disk, shovels, T bar, sphere, spiral, and others.
Among rotational devices, coaxial cylinders instruments (Fig. 2) have generally a lower measurement uncertainty, from 0.5% of full scale range up to approximately 4.0%, whereas rheometers with double interstice geometry are particularly useful in the measurement of very low viscosity liquids (down to 0.01 mPa s) but can be less accurate. Rotational methods provide an absolute value of viscosity, evaluated from the resistance opposed by the fluid to the rotation of a rigid body but not depending on equipment settings. In rotational viscometers an electric motor makes a well shaped rotor to move within the fluid in examination. A resistant momentum is provided by the viscous resistance to rotation therefore, viscosity can be evaluated from a momentum measurement. The measurement range, measurement uncertainty and versatility (fluids with particles, organic fluids, small volumes, etc.), charge on the cost of the device. Referring to previous pages, the aim of this work is to show main features of design, development and testing of a low cost rotational rheometer, specific for the viscous behavior characterization of organic fluids and with metrological characteristics that are suitable for research purposes.
II. THEORETICAL MODEL AND EXPERIMENTAL SET-UP
The measurement device is a rotational rheometer with coaxial cylinders in relative motion, where the fluid under test flows between them (Fig. 3) . The shear stress τ is due to the rotation of the inside cylinder (rotor) while the external one (container) is motionless under steady state conditions. In Figure 3 (a) a zoom of the rotor and the external part is shown, a picture of the whole device is depicted in Figure 3 is known, the shear rate γ is not linear in the interstice (gap) among the two cylinders: it depends on dimensions of cylinders as well on the gap δ, nevertheless, for low values of δ the shear rate can be considered linear, as in Eq. (2):
where R 1 is the outer radius of the rotor, R 2 the inner radius of the container, and ω the angular speed of the rotor. According to standards in bibliography, 5, 12 the height of the cylinders H should be at least 10 times greater the gap δ, and moreover R 2 /R 1 ≤ 1.1.
Using cylindrical coordinates (r, θ , z), where z is the outer cylinder axis, r is the distance from that axis and θ is the angle in a normal plane to z, for a Newtonian fluid u(r) is the vector speed of the fluid. If the motion is purely circumferential and steady, neglecting effects in the extremities of the device (due to the adherence or the possible presence of a free surface) and for the rotational symmetry:
The circumferential component u θ of the speed satisfies the equation of continuity and from the Navier-Stokes equation, under condition of fluid adherence to each cylinder surface, an equation system can be formulated:
From Eq. (4) the solution of u θ can be determined:
Due to the inner cylinder motion and to the viscous force, the shear stress τ 2 on the inner surface of the outer cylinder (r = R 2 ) is
From τ 2 the viscous force F V2 is evaluated for an elementary surface of the outer cylinder dS 2 = H · (R 2 dθ ):
The viscous force F V2 produces a momentum M V2 : From Eq. (8) the dynamic viscosity μ can be determined. It should be pointed out that the motion is circumferential if instability does not arise because of Taylor vortices, uniformly distributed along the axial direction in the gap. In particular the instability arises for a critical value of the Taylor number (Ta) 13 and Reynolds number (Re), both of them give a constraint on the angular speed range:
In Eq. (9) ν is the kinematic viscosity (ratio between dynamic viscosity μ and fluid density). If the gap, δ, between cylinders is small in comparison to the radius R 1 of the inner cylinder, a critical value for Ta can be experimentally evaluated 13 depending on μ: in particular, assuming Ta ≤ 1708 and μ = 1 mPa s a constraint can be defined on the maximum angular speed value ω max ≤ 65 rad/s (621 rpm) above which the device does not work correctly. Moreover, the transition from laminar to turbulent flow occurs depending on the Reynolds number Re = ρLu/μ, where ρ is the fluid density, L is a characteristic length dimension (here L = δ), u is the fluid speed, μ is the dynamic viscosity. In the present work a critical value of reference Re = 2300 is calculated: for μ = 1 mPa s another constraint on the angular speed value is determined, ω max ≤ 226 rad/s (2160 rpm). Nevertheless, from bibliography 8 bone marrow viscosity in humans could have values in the range of about 40 cP (at 36
• C) to about 140 cP with a coefficient of variation up to 0.40 within subjects 14 and therefore, the above speed limit due to Ta and Re could be too restrictive, in Table I 
Speed values in Table I have to be fitted with maximum torque (Eq. (8)) and working characteristics of suitable electric motors, as shown we found a more restrictive limit on ω max due to Ta than to Re. Referring to bibliography and to information from Orthopedic surgeons, a measurement range of viscosity among 1 and 100 mPa s has been initially established for the rheometer, this range can be easily extended up to 10 000 mPa s. The measurement range, the small volume of available fluid, limited to 5 cm 3 , as well as the fluid-dynamic constraints on Ta and Re, determine the dimensions of the two coaxial cylinders through a numerical simulation: the inside diameter D 2 = 2R 2 = 27.00 ± 0.01 mm of the outer cylinder has been evaluated, as well as the diameter D 1 = 2R 1 = 25.40 ± 0.01 mm of the inner rotating cylinder (Fig. 3(a) ); the base of the rotating element is hollowed out to reduce its interaction with the fluid (Ekman effect). The rotor is supplied by an electric dc micro-motor Escap 17N78-216E (3.2 W), which is able to develop a maximum torque of 12.5 mN m and a maximum speed of 8500 rpm. As shown in Fig. 4 , the outer cylinder is connected to a rotating support assembled on a radial pad. Since the maximum angular speed of the micromotor is excessive for our application, a speed reduction gear has been added, with reduction factor of 5.5:1, and an 85% output between the rotor and the micro motor. This solution provides shear rates between 100 and 3000 s −1 , with an angular speed of the rotor from 55 to 1650 rpm, respectively. Angular speed ω is measured by a 16 impulses magnetic encoder on the shaft of the electric micro-motor. Under the electric motor action, the fluid flows in the gap and drags the external cylinder: to prevent the free rotation of the outer cylinder, a resistant momentum is applied through a mechanical system, assembled with two compression springs in opposed position (Fig. 4) , so the initial force to make the outer cylinder to rotate is minimal.
The measurement of the outer cylinder rotation from the initial configuration is provided by means of a Linear Variable Differential Transformer (LVDT), whose core is rigidly connected to the outside, as shown in Fig. 4 . The LVDT measurement range is up to 1 mm and its sensitivity is 780 mV/mm. To ensure a linear output of the LVDT, the rotation of the external cylinder is limited to 1.5
• , adopting a system of opposing springs with rigidity equal to 0.16 N/mm (uncertainty below 2%): so the arc of rotation of the external cylinder can be approximated with the tangent of the angle. The output voltage V LVDT from LVDT is proportional to the core displacement x, according to V LVDT = β · x. Besides, the displacement x is determined by the equilibrium between the momentum M V2 from the viscous forces and the resistant momentum M R = F · b from the elastic force F = k · x, where k is the springs stiffness, and b is the distance of the spring joint from the rotation axis of the outer cylinder. From the equilibrium between M V2 and M R in Eq. (10):
From Eq. (10) the viscosity μ can be calculated:
where G 1 is a constant depending on the geometric and metrological device characteristics:
According to Eq. (11), μ is measured from the angular speed (from encoder) and the output voltage of the LVDT, under steady conditions. If the fluid is Newtonian, the value of μ is the same for every value of rotor speed ω. If the fluid is not-Newtonian, the value of μ depends on ω because it is a function of the shear rate γ , so in a diagram τ = τ (γ ) μ can be calculated as the tangent of the best fit curve. In particular, while the value of γ can be evaluated from the measurement of ω according to Eq. (2), the shear stress results τ = G 2 · V LVDT, with G 2 a constant that depends only on geometrical and metrological characteristics.
III. DEVICE CHARACTERIZATION AND PRELIMINARY RESULTS
For the device validation, experimental diagrams are plotted for four reference Newtonian fluids, with known rheological properties. Angular speed signal V ω from the encoder and voltage V LVDT from the LVDT core displacement have been collected by a NI data acquisition device (DAQcard) PCI-6062E and processed with LabVIEW software (National Instruments) on a personal computer. Moreover, in order to set the shear rate (electric motor speed) a control has been provided by means of a voltage power amplifier (VPA) managed by the PCI-6062E and LabVIEW software. A type K thermocouple with electronic compensation has been used for fluid temperature measurement. A scheme of the complete measurement setup is shown in Fig. 5 .
The viscosity value is obtained by driving the electric motor (voltage steps, Fig. 6 ) and measuring V ω and V LVDT in steady state condition, after temperature of the fluid in the outer cylinder has been measured. For each angular speed ω, data acquisition does not start until the steady state conditions are reached, after that voltages from the device transducers are processed through LabVIEW software, to get τ and μ values. A preliminary performance characterization has been carried out from the comparison of measurements above with the viscosity value of four reference fluids (Table II) . Equations (10) and (11) are approximated because they do not consider that the rotor has an inferior surface: in particular its base is affected by resistance forces during the rotation, 3, 8, 9, 15 whose contribution adds to those produced in the gap between the two cylinders. Therefore, an incorrect measurement of the resistant momentum as well as an error on viscosity is made: to fix it, some changes in the geometry of the rotor have been made and a corrective factor to the height H of the interstice (immersion depth) has been determined, so the measured resistant momentum corresponds to an "effective" dimension H of the depth of immersion. In the present work, the base of the rotor has been modified as shown FIG. 6 . Voltage steps supplied to the motor. Each step is related to a single angular speed value and shear rate. in Fig. 7(a) and in Eq. (11)) the immersion depth H has been increased of a corrective factor H C , evaluated with the mineral oil Wladoil SAE 90 (Table III) as below.
In particular, measurements of the resistant moment M V2 have been done, making the rotor to dip progressively into the fluid and so increasing the immersion depth H, in correspondence of three different angular speeds (8 rad/s, 17 rad/s, and 26 rad/s). Results have been plotted in the graphs of Fig. 7(b) , where they show a dependence of the resistant momentum on the submerged part of the rotor, expressed by an "effective" height of the submerged rotor. In Fig. 7(b) , the intercept of each best fit curve (H,M V2 ) determines the resistant momentum due to rotor base: the corrective factor H C is calculated from the intersection of best fit curves with the horizontal axis (M V2 = 0), and in this work it is equal to 2.5 ± 0.4 mm. Such a value provides a correction to the real height H of the dipped rotor so that in the analytical relationships (Eqs. (10) and (11)) a value of effective height H = H + H C is used. In the developed device an automatic control of the fluid temperature has not been designed yet, nevertheless motor has been driven by voltage steps, as shown in Figure 6 , in order to limit the temperature increase. Besides that, with the purpose to limit further variations in the fluid temperature as well as vibrations produced by the motor, measurements have been carried out with a rotor speed that does not exceed 50% of the corresponding maximum motor speed, checking at the end of every measurement cycle, if temperature fluctuations do not exceed ±2 • C. In Fig. 8 some rheological curves for each reference fluid described in Table II are plotted, whereas in Figure 9 and Table IV calibration results are shown. The measurement uncertainty has been evaluated on 5 data sets from the same fluid (each data set is made up by pairs of τ and γ values, acquired at increasing steps of the rotor speed); for each data set viscosity has been evaluated from the angular coefficient of the best fit straight line (Newtonian fluid). Subsequently, for each fluid a mean viscosity is calculated, and the dispersion of the data around the mean is expressed with a 95% confidence level.
In Fig. 10 (a) the rheometer calibration curve is plotted, whereas in Figure 10 (b) relative errors from the nominal viscosity μ R are shown for each certified fluid, calculated as (μ R − μ M )/μ R · 100, where μ M is the mean viscosity, evaluated from the mean of the viscosity values measured by the developed system for each data set. As shown in Fig. 9 and Table IV , measurement results are affected by a relative uncertainty below 10%, depending on the viscosity value μ M : the uncertainty slightly decreases for increasing μ M values. In particular for higher μ M values the relative difference (μ M − μ R )/μ M between measured and nominal values decreases from about 25%-4% for 4.80 mPa s and 98.0 mPa s, respectively. That behavior can be due to inevitable mechanical resistances and skews that are more influent at low viscosity and lead to worse precision and accuracy in measurements. Therefore the system is suitable for viscosity measurement from 1 mPa s to 100 mPa s with an accuracy below the 5% of full scale range. Further measurements have been carried out on two oils with known characteristics to verify instrument behavior, Shell X100 (μ R = 184.5 mPa s) and Wladoil SAE 90 (μ R = 377.5 mPa s): results show a relative error below 2.4% for both of them. 
IV. CONCLUSIONS
In this work a low cost rheometer for biological fluids has been developed and tested. The device is a coaxial-cylinders type and allows to determine the experimental law between shear stress τ and shear rate γ . In particular, the system is used to measure the viscosity of small volumes of fluid from 1 mPa s to 100 mPa s, with an accuracy below the 5% of full scale range. Results seem to be suitable for measurements on biological fluids. In particular, in the next future, after a full characterization of the device and the development of a fluid temperature control system, measurements on human bone marrow are going to be planned to test biological models and support clinical studies.
